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In the present work, we show how different types of inclusion chemistry can be used to generate
oriented, high-aspect-ratio metal and semiconductor nanowires in insulating silica host structures prepared
within anodic alumina membranes (AAMs). The structural features of the Pluronic123-templated silica
filaments in the AAMs with their intriguing columnar and circular arrangement of mesopores allow for
the inclusion of a variety of aligned 1D nanostructures ranging from metallic (Pt, Au, and Pd) and
semiconductor (Ge) to carbon nanotubes and filaments. The synthetic techniques include wet chemical
impregnation and reduction in precalcined mesopores, impregnation of surfactant-containing mesopore
systems, and mass transport via supercritical fluid deposition in surfactant-containing mesopores. Important
issues such as the crystallinity and continuity of the encapsulated wires as a function of material and
deposition technique have been discussed.

Introduction

Alternative non-lithographic methodologies for construct-
ing the smallest mesoscopic features in integrated circuits
will soon be needed.1 One promising non-lithographic
strategy is the use of solution-phase chemistry to promote
the self-assembly of materials from precursor “building
blocks” into complex hierarchical mesoscopic architectures.2

Mesoporous materials with well-defined periodic channel
systems having channel diameters below 10 nm can host and
guide the growth of a variety of 1D nanostructures.3

However, because of difficulties in reproducibly preparing
easily accessible and oriented mesostructured domains, they
have found limited use as templates for nanowires. For
example, during the preparation of mesostructured thin films
(MTFs), highly oriented structures on a substrate have been
obtained but the most frequently achieved phases show
hexagonally ordered channels aligned with the long axis
parallel to the substrate surface.4 Other mesophase structures
such as 3D cubic or hexagonal assembled from spherical
micelles have also been prepared in the form of thin films
and were utilized as hosts for forming ordered arrays of metal
nanoparticles.5,6

Anodic alumina membranes (AAMs) can serve as alterna-
tive templates for nanostructured materials; they have been
widely used as hosts for forming ordered arrays of vertically
alignedcarbonnanotubes,metal,andsemiconductornanowires.7-11

However, AAMs tend to have large pore diameters above
10 nm and often inferior pore ordering and pore-size
distributions in comparison to the mesoporous materials.

Recently, we and others have shown that the highly
anisotropic pore structure of the AAMs can be combined
with methods for preparing silica MTFs to obtain highly
aligned mesostructured domains inside the channels of the
AAMs.12-14 In this paper, we show that these hierarchical
structures can be used as hard templates to host and guide
the growth of aligned and ordered metal and semiconductor
1D nanostructures. Noble metals such as Pt, Pd, and Au were
deposited inside the mesopores either by direct wet impreg-
nation followed by reduction, or alternatively by chemical
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modification of the mesoporous surface, followed by metal
salt complexation and reduction. Semiconductor Ge nano-
structures were deposited by the solvent-assisted supercritical
fluid (SCF) technique pioneered in one of our groups for
the growth of semiconductor nanostructures in AAMs.15 A
similar supercritical fluid technique has already been used
for the deposition of carbon nanostructures in analogous
mesostructured templates.16

Experimental Section

Synthesis.The deposition mixtures for mesoporous silica were
prepared by applying a two-step synthesis procedure. First, 2.08 g
of tetraethyl orthosilicate (TEOS, Aldrich) was mixed with 3 g of
0.2 M HCl, 1.8 g of H2O, and 5 mL of EtOH and heated at 60°C
for 1 h to accomplish acid-catalyzed hydrolysis-condensation of
the silica precursor.

For the preparation of the Pluronic123-containing solutions, the
prehydrolyzed silica was mixed with 15 mL of 5 wt % ethanol
solutions of poly(ethylene oxide)-b-poly(propylene oxide)-b-poly-
(ethylene oxide) triblock copolymer, Pluronic123. To this mixture,
NH4Cl with a TEOS:NH4Cl molar ratio of 0.30 was added by
dissolving the inorganic salt in the ethanol solutions. The resulting
deposition mixtures were aged for 2 h at room temperature and
used for the deposition of the silica/surfactant nanostructures in
the AAMs. The AAMs (47 mm, Anodizc, Whatman) with nominal
pore diameters of 200 nm and a thickness of approximately 60µm
were soaked with the prepared precursor mixture by dropping 0.75
mL over the whole membrane surface. After 2 h at room
temperature, the membrane appeared dry and homogeneously
soaked with the synthetic mixture. The composite membranes were
calcined in flowing air at 550°C for 4 h (ramping 0.75°/min).

To introduce Pt nanostructures in the composite membranes, we
repeatedly impregnated calcined samples with aqueous 0.1 wt %
Pt(NH3)Cl2 solutions at 100°C. Highest loadings with Pt were
achieved after at least 5 impregnation-drying cycles. Finally, the
Pt-loaded samples were reduced in flowing a 5% v/v H2/N2 mixture
at 300°C for 2 h, resulting in a black color of the samples.

Au encapsulation was achieved on calcined, aminopropyltriethoxy-
silane (APES, Fluka)-modified silica/AAM that was impregnated
with 30 mM H[AuCl4]‚3H2O at room temperature for 24 h. After
being washed in deionized water, the samples were left in air at
room temperature for a week. Under these conditions and due to
the presence of amine functionalities, gold reduction takes place,
resulting in a profound change in the color of the samples from
light yellow to red-orange, dark red, and finally violet.

Pd loading was achieved on noncalcined membranes by repeated
impregnation with a 0.75 mM Pd(NH3)(NO3)2 water/ethanol
solution at 60°C. The conditions of the Pd impregnation resulted
in a direct reduction of the Pd precursor and a black color of the
samples.

Ge nanostructures were grown by degradation of diphenyl
germane in supercritical hexane at 380°C and 70 bar for 30 min.
Noncalcined composite membranes were placed in a 25 mL high-
pressure cell under an ambient atmosphere, and the cell was
connected to a pressure meter through a three-way valve. After
the reaction, the cell was cooled to room temperature and the
samples (black in color) were removed and washed with acetone.

In some cases, the composite membranes were first thinned by
double-side polishing (as described in the characterization section)

and then subjected to only one impregnation cycle. In this case,
better loading is achieved even after one impregnation cycle.

Characterization. The TEM images were obtained with a JEOL
2010 transmission electron microscope operating at 200 kV. The
elemental compositions were determined with a JEOL 5510
instrument equipped with an Oxford EDX detector. Samples for
electron microscopy were prepared by the following methods: (i)
the alumina matrix was dissolved in phosphoric acid to release the
embedded mesoporous silica; (ii) plan-views and cross-sections
were prepared by dimple grinding, followed by Ar-ion polishing.
The precision Ar-ion polishing was done at grazing angles of 6°
with 5 kV acceleration voltage with a Gatan Precision ion polishing
system, model 691. The surface morphology of the samples was
determined with scanning electron microscopy (SEM) with a JEOL
JSM 6500 microscope.

Results and Discussion

The present method for the self-assembly of the ordered
silica/surfactant nanocomposites in the channels of AMMs
is described in detail in a previous report.14 Briefly, com-
mercial AAMs with nominal pore sizes of approximately
200 nm were soaked with precursor mixtures containing
Pluronic123 as a structure-directing agent, hydrolyzed silica,
and salt (for details see the Experimental Section). Upon
solvent evaporation, the concentration of surfactant micelles
in the solution increases and subsequent condensation of
silica around these micelles results in the formation of the
ordered mesoporous phases in the channels of the AAMs.
Typically, two types of mesopore orientation in the AAM
channels can be identified. One, usually referred to as
“circular”, can be envisioned as being composed of concen-
tric mesophase channels, hexagonally ordered in the direction
of the long axis of the filaments. The direct observation of
this mesophase structure is illustrated by plan-view and cross-
sectional TEM images a and b in Figure 1. Note that this
kind of mesophase structure is rather unusual for 3D crystals
because of the lack of extended 3D order, giving them the
name “circulites” or circular crystals.17 The other observed
mesophase structure is composed of hexagonally ordered
columnar mesopores aligned parallel to the long axis of the
filaments. Images c and d of Figure 1 depict typical examples
of such structures imaged perpendicularly and parallel to the
membrane surface. Usually, these two distinct mesophase
structures can be observed in neighboring channels of the
AAMs with different ratios of circular to columnar orienta-
tions. However, enhanced control of the mesophase structures
can be achieved by changing the ionic strength of the
deposition mixtures (introduction of inorganic salts, see the
Experimental Section for relevant experimental procedures),
the relative humidity during the deposition, and the silica-
to-surfactant ratio. A detailed description of these observa-
tions is presented in a separate report.18

The embedded silica/surfactant nancomposite mesophases
obtained here differ significantly from those reported previ-
ously for confined polymer systems.19 The silica-based
mesostructures form a rigid silica framework upon removal
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of the surfactant, leaving solid supports with ordered porosity
that can offer a template-matrix for guided growth of
different conductive structures. Recent research on the 1D
confinement of conductive nanostructures has shown that
control over alignment and structural complexity is essential
for the incorporation of these structures into integrated
electrical circuits.20,21Here, we show that aligned noble metal
and semiconductor nanostructures can be prepared in the
oriented silica mesopores embedded within the channels of
the AAMs.

For example, Pt nanostructures were deposited by a wet
chemical impregnation technique followed by hydrogen
reduction at 300°C (for details see the Experimental
Section). Figure 2a shows a representative plan-view image
of the calcined mesoporous support, having vertically aligned
columnar mesopores with incorporated Pt nanostructures.
Despite the shrinkage of the mesoporous support in a
direction perpendicular to the alumina walls (Figure 2a), the
hexagonal order is still retained, resulting in an ordered
arrangement of Pt nanostructures. When the silica/Pt nano-
structures are imaged in the direction perpendicular to the
mesoporous channels, after the dissolution of the alumina
matrix, well-defined Pt nanowires running along the long
axis of the mesoporous silica nanofilaments are observed
(inset in Figure 2a). The mean diameter of the nanowires is
approximately 5.5 nm. They feature well-defined crystalline
fringes of Pt with ad-spacing of the (111) planes of about

0.24 nm, calculated from fast Fourier transforms (FFTs) of
the corresponding HRTEM images (Figure 2b). The uniform
diameter and the arrangement of the Pt nanostructures
(separated and isolated by the silica walls) confirm that their
growth is guided by the arrangement of the mesochannels.
The dimensions of the encapsulated Pt nanostructures extend
to several hundreds of nanometers; they appear to be
composed of small segments (10-20 nm), thus forming
chainlike nanowires. This type of morphology is commonly
observed for metal nanostructures prepared in mesoporous
materials by repeated wet impregnation.22

A similar synthetic approach was used for the deposition
of Au nanostructures, with the notable difference that the
surface of the mesochannels was modified, prior to Au
deposition, with organosilane molecules containing primary
amino groups (for details see the Experimental Section). In
a second step, the template was wet-impregnated with
aqueous H[AuCl4] and, after being washed in deionized
water, was left in air at room temperature for a week. Under
these conditions and because of the presence of amine
functionalities, gold reduction takes place, resulting in a
profound change in the color of the samples from light yellow
to red-orange, dark red, and finally violet. These changes
can be explained by the increase in the particle size of the
gold nanocrystals with time.23,24 The choice of these gentle
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Figure 1. Mesophase morphologies observed in the AAM channels. Top: “Circular” mesophase structures, hexagonally ordered in the direction of the long
axis of the filaments, showing (a) plan- and (b) side-view TEM images. Bottom: “columnar” mesophase structures, hexagonally ordered in the plane of the
substrate, showing (c) plan- and (d) side-view TEM images (inset: FFT for one of the filaments shown in Figure 1c).
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reduction conditions was guided by the fact that high-
temperature reduction resulted in the formation of bigger gold
crystals on the outer surface of the mesostructured filaments.
Figure 2c shows an example of a circular mesostructured
filament with deposited Au nanostructures after dissolution
of the AAM matrix. In this case, the nanostructures are
aligned perpendicular to the long axis of the mesostructured
filaments, and when imaged in plan-view, it can be seen that
they follow the curvature of the circular silica mesopores
(inset in Figure 2c). Thus full or semicontinuous concentric
circles of metallic nanostructures isolated by silica walls and
hexagonally ordered in a single filament can be prepared.
The Au nanostructures appear to be highly crystalline, as
seen from the selected area electron diffraction (SAED) and
HRTEM image (Figure 2d). Similarly to the Pt inclusion,
the Au nanostructures are composed of small elongated
segments that form chainlike curved nanostructures. We note
here that we have previously used electroless reduction for
the deposition of larger single crystalline domains of Au
nanowires in SBA-15 material;25 this technique might also
be amenable for the preparation of larger crystalline Au
nanostructures in the hierarchical template structures dis-
cussed in this article.

The preparation of the above Pt and Au nanostructures
relies on the calcination of the mesoporous material prior to
inclusion of the metal precursor. Calcination of the meso-
porous silica in the AAM channels leads to the contraction

of the filaments in directions perpendicular to the walls of
the AAMs (Figure 2a). In an alternative approach, Pd
nanostructures were assembled by direct repeated impregna-
tion of the noncalcined samples with water/ethanol solutions
of Pd(NH3)4(NO3)2 at 60°C (for details see the Experimental
Section). The resulting silica/Pd nanostructures embedded
in the alumina matrix and imaged as plan-views are shown
in images a and b of Figure 3. Well-ordered hexagonal
arrangements of the Pd nanostructures encapsulated in the
silica framework are observed. The conditions of the Pd
impregnation result in the direct reduction of the Pd precursor
complexes to metallic Pd, thus eliminating the necessity of
further high-temperature reduction. Well-resolved Pd crystal-
line fringes are observed (Figure 3b) with ad-spacing of
about 0.23 nm, determined from FFTs of the HRTEM image
(inset in Figure 3b). Apparently, at these mild reduction
conditions and without removing the template, a relatively
high loading of the mesoporous support is possible (Pd/Si
atom ratio of 0.85 in comparison to Pt/Si and Au/Si atom
ratios of 0.17 and 0.09, respectively, Figure 3d). When
imaged in a direction perpendicular to the long axis of the
filaments, well-aligned Pd nanostructures are displayed with
diameters of approximately 8 nm. These nanostructures are
composed of small separate segments forming chainlike
nanowires (inset in Figure 3b). Thus, the noncalcined
mesoporous supports with their well-aligned channels fa-
cilitate the organization of Pd nanostructures in the form of
highly aligned metallic nanowires. The extension of the latter
approach to the encapsulation of other metallic nanostructures(25) Petkov, N.; Stock, N.; Bein, T.J. Phys. Chem. B2005, 109, 10737.

Figure 2. Platinum and gold nanostructures prepared in calcined mesostructured filaments. (a) Plan-view TEM image of Pt nanostructures (inset: side-view
TEM image after dissolving the alumina matrix, scale bar 100 nm) and (b) HRTEM image of the Pt nanostructures in an isolated mesostructured filament
(inset: corresponding FFT). (c) Side-view TEM image of Au nanostructures prepared in calcined, silane-modified “circular” mesostructured filaments, after
dissolving the alumina matrix (insets: corresponding SAED and plan-view TEM image, scale bar 50 nm), and (d) plan-view HRTEM image of the Au
nanostructures in “circular” mesostructured filaments.
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inside the porous structure of the silica/surfactant nanocom-
posites within AAMs is currently under investigation.

The three metallic nanostructures discussed so far are
characterized by nucleation and growth in various solvents
included in the mesopores, including the fluid phase of
encapsulated surfactants in the case of Pd. This implies a
pattern of mass transfer resulting in limited fill-factors and
limited continuity of the deposited materials. In an effort to
facilitate mass transfer and enhance the continuity of the
encapsulated nanowires, we employed solvent-assisted su-
percritical fluid (SCF) deposition. This technique has been
pioneered by one of our groups for the growth of continuous
semiconductor nanostructures in mesoporous materials.15

The implementation of SCF conditions allows for fast and
effective mass transport at almost zero surface tension, which
is essential for continuous and high loading of the mesopores
(see the Supporting Information). Figure 3c shows a plan-
view TEM image of a noncalcined columnar mesostructured
filament with encapsulated Ge nanostructures prepared by
supercritical hexane/diphenyl germane inclusion (for details
see the Experimental Section). During the deposition, the
mesostructure organization is preserved, thus leading to an
ordered arrangement of semiconductor nanostructures en-
capsulated in an insolating silica matrix. The diameters of
the Ge nanostructures are limited by the dimensions of the
mesoporous channels and observed to be about 8 nm, in

agreement with the pore dimensions of the noncalcined
support. In some cases, mesoporous channels with Ge
deposited only on the mesoporous walls were observed
(shown with arrows on the image) to form nanotubelike
structures. This observation is in agreement with the proposed
mechanism for nanowire growth in the mesoporous channels
by SCF techniques.26

The structural features of the Pluronic123-templated silica
filaments in the AAMs with their intriguing columnar and
circular arrangement of mesopores allow for the inclusion
of a variety of aligned 1D nanostructures ranging from
metallic (Pt, Au, and Pd) and semiconductor (Ge) to carbon
nanotubes and filaments (as reported previously16). There
are two noticeable advantages with these structures. First,
they are hierarchically aligned because of the quasihexagonal
order of the channels of the AAMs as well as the ordered
structures of the included mesoporous silica filaments.
Second, they offer the potential to encapsulate a very high
density of conducting nanostructures. For example, a number
density of about 6.3× 108 filaments/cm2 can be achieved
by saturation loading of the channels of the AAMs with
mesostructured filaments, giving 1.4× 1011 nanowires/cm2.
Before these numbers can be achieved, further optimization

(26) Ziegler, K.; Ryan, K. M.; Rice, R.; Crowley, T.; Erts, D.; Olin, H.;
Patterson, J.; Spalding, T. R.; Holmes, J. D.; Morris, M. A.Faraday
Discuss.2004, 125, 311.

Figure 3. Pd nanostructures prepared in non-calcined “columnar” mesostructured filaments. (a) Plan-view TEM image (inset: corresponding SAED) and
(b) HRTEM image of one of the nanostructures shown in Figure 3a (inset: corresponding FFT and plan-view TEM image, scale bar 10 nm), and (c) Ge
nanostructures in noncalcined columnar mesostructured filaments. (d) Elemental analysis of the four different metal nanostructures discussed inthis article.
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of the synthetic procedures for both the deposition of the
mesostructured filaments and 1D metallic and semiconductor
nanostructures is required.

Conclusions

In the present work, we show how different types of
inclusion chemistry can be used to generate oriented, high-
aspect-ratio metal and semiconductor nanowires in insulating
silica host structures prepared within AAMs. The synthetic
techniques include wet chemical impregnation and reduction
in precalcined mesopores, impregnation of surfactant-
containing mesopore systems, and mass transport via super-
critical fluid deposition in surfactant-containing mesopores.
Important issues such as the crystallinity and continuity of
the encapsulated wires as a function of material and
deposition technique have been discussed. The proposed
hierarchically ordered alumina/silica/material-of-choice nano-
composites can be suitable model systems for the electrical

characterization of single, insolated 1D nanostructures by
conductive AFM tips. First attempts in this direction were
already made in our laboratory on 1D nanostructures
prepared in columnar channels of the AAMs.27 A further
reduction of the diameter of these structures by encapsulation
in mesoporous templates may lead to future nanodevices
beyond the 10 nm node.
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